Abstract Recently, it was demonstrated in the oesophagus that the zero-stress state is not a closed cylinder but an open circular cylindrical sector. The closed cylinder with no external loads applied is called the no-load state and residual strain is the difference in strain between the no-load state and the zero-stress state. To understand the physiology and pathology of the oesophagus, it is necessary to know the zero-stress state and the stress±strain relationships of the tissues in the oesophagus, and the changes of these states and relationships due to biological remodelling of the tissues under stress. The aim of this study was to investigate the morphological and biomechanical remodelling at the no-load and zerostress states in mutant osteogenesis imperfecta murine (oim) mice with collagen de®ciency. The oesophagi of seven oim and seven normal wild-type mice were excised, cleaned, and sectioned into rings in an organ bath containing calcium-free Krebs solution with dextran and EGTA. The rings were photographed in the no-load state and cut radially to obtain the zerostress state. Equilibrium was awaited for 30 min and the specimens were photographed again. Circumferences, submucosa and muscle layer thicknesses and areas, and the opening angle were measured from the digitized images. The oesophagi in oim mice had smaller layer thicknesses and areas compared to the wild types. The largest reduction in layer thickness in oim mice was found in the submucosa (approximately 36%). Oim mice had signi®cantly larger opening angles (120.2 4.5°) than wild-type mice (93.0 11.2°). The residual strain was compressive at the mucosal surface and tensile at the serosal surface in both oim and wild types. In the oim mice, the residual strains at the serosal and mucosal surfaces and the mucosa-submucosal±muscle layer interface were higher than in the wild types (P < 0.05). The gradient of residual strain per unit thickness was higher in oim mice than in wild-type mice, and was highest in submucosa (P < 0.05). The only morphometric measure that was similar in oim and wild-type mice was the inner circumference in the no-load state.
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In conclusion, our data show signi®cant differences in the residual strain distribution and morphometry between oim mice and wild-type mice. The data suggest that the residual stress in oesophagus is caused by the tension in the muscle layer rather than the stiffness of the submucosa in compression and that the remodelling process in the oim oesophagus is due mainly to morphometric and biomechanical alterations in the submucosa.
INTRODUCTION
The oesophagus is a layered composite tube serving to transport swallowed material to the stomach. The peristaltic transport of swallowed material is a neuromuscular function affected by a number of factors.
1±6
The nervous system controls the twitch topology and time sequence. The intrinsic muscle mechanics complement the nervous function with its length± tension±velocity characteristics. The nervous system of the gastrointestinal (GI) tract has been studied extensively 2, 7 but the study of the structure±mechanics relationship in GI tissues is lagging far behind. Despite the scarcity of data, it is generally believed that the collagen matrix in the submucosal layer is an important structural determinant of mechanical properties in resting GI tissue due to the high collagen content in submucosa. 8 However, collagen ®brils are also abundant in the muscle layers, where they form intramuscular septa. 9 Regarding oesophageal mechanics, some data exist on the length±tension relationships in tissue strips of oesophagus, 7, 10 on¯uid-¯ow during bolus transport, 5, 11 and on the compliance and tension±strain relations. 12, 13 However, to de®ne a constitutive equation for oesophageal tissue, we need data on the stresses and strains referred to the zero-stress state of the tissue. Hence, the determination of the zero-stress state of the oesophageal tissue is the ®rst step in investigating the mechanical properties. Historically, the zero-stress state in living organs was discovered in 1983. 14, 15 It was found that the zero-stress state of arteries is not a closed cylinder but an open circular sector whose opening angle varies with the location on the vascular tree. Hence, a radial cut is necessary to release the internal stress remaining in a tissue ring from a tubular organ. The closed cylinder with no external forces is called the no-load state and residual strain is the difference in strain between the no-load and zero-stress states. Current literature contains data on the zero-stress state of normal systemic and pulmonary arteries, veins, the heart and trachea, 16±22 and data from various experimental vascular disease models such as hypertension and diabetes. 23±25 Later, the zero-stress state was used as the basic state to examine the remodelling of arterial tissue under stress, 23±25 and theoretical analysis of structural components were made.
26±28
Recently, residual strain has been demonstrated in the oesophagus and intestines. 29±32 With respect to residual strains in the oesophagus, signi®cant compressive strains were found in the mucosa-submucosal layers whereas the residual strain in the muscle layers was tensile. 31 Human osteogenesis imperfecta (OI) is a rare heritable disease resulting from one of many known nucleotide substitutions or deletions on the genes encoding the proa1(I) and pro-a2(I) chains of type I collagen. Recently, several mouse models of OI have been used to investigate the effects of collagen de®ciency on structure and mechanics in bone and tendon. The mutation in osteogenesis imperfecta murine (oim) mice occurs on the gene encoding the pro-a2 chain of type I collagen. This prevents association with the pro-a1(I) chains 33 and causes the mutant procollagen chains to be structurally unstable and consequently rapidly degraded. The homozygous oim mouse produces only pro-a1(I) chains, and these form a1(I)±a1(I)±a1(I) homotrimers in some patients with OI and in the oim model. 34 The oim mouse exhibits many symptoms similar to human OI, namely, defective skeletal development, smaller stature, and skeletal fragility. In a recent study of tissue structure± function relationships in the oim model, the tail tendon had $60% less collagen and $50% lower tensile stiffness than wild-type controls. 35 In this article, the oim model was used to examine the effects of type I collagen de®ciency on the stressfree state of the oesophagus. We present morphometric data on the no-load and zero-stress states along with residual strains and openings angles in oim mice compared with normal wild types. The zero-stress state in oim mice are presented here not to report a curiosity, but as the ®rst step toward a more thorough understanding of the oesophageal transport function. It was hypothesized that the alteration in collagen in oim mice alters the oesophageal mechanics.
MATERIALS AND METHODS
All studies were performed according to the NIH ILAR Guide for the Care and Use of Laboratory Animals, and all experimental protocols were reviewed and approved by the UCSD Animal Subjects Committee. Seven homozygous oim mice of both sexes and 14±15 weeks of age were studied together with seven age-matched wild types.
Mutation and mouse genotyping
The oim model is a naturally occurring mutation. 33 The mutation is maintained on the B6C3Fe-a/a (C57BL/6JLe´C3HeB/FeJLe-a/a) hybrid. The mice used in this study were the second generation (F2) offspring from breeder pairs obtained from the oim colony of Dr Dan McBride at Johns Hopkins University in Baltimore, Maryland, USA. This model is de®cient in pro-a2(I) collagen due to a single guanine deletion at nucleotide 3983 of the Cola-2 gene. A PCR method adapted from Saban and King 36 was used to determine mouse genotype. Speci®cally, tail DNA was digested with a 10-mg mL ±1 proteinase K solution and DNA isolated using phenol±chloroform. Two lL of DNA were used in ampli®cation reactions in 50 lL volumes containing 10 mmol L
±1
Tris-HCl (pH 9.0), 50 mmol L ±1 MgCl 2 , 10 mmol L ±1 dNTP, 0.1% Triton X-100, 1.75 lL B21-oim or B21-wt primer, 1.35 lL F35-wt primer, 0.22 lL B22-wt primer, and 2.5 U Taq DNA polymerase. The reaction was overlaid with 50 lL mineral oil, heated for 5 min at 95°C and subjected to 35 cycles of 1 min at 94°C, 1.5 min at 62°C and 1.5 min at 72°C, followed by 10 min at 72°C. A 2% agarose gel was prepared with 0.05 lL per mL ethidium bromide. Samples (20 lL) were loaded with 0.25% bromophenol blue loading buffer and the gel was run at 220 V for 1±2 h.
Acute surgical procedures
The mice were anaesthetized with 100 mg kg ±1 ketamine and 8 mg kg ±1 xylazine. A midline thoracotomy was made and the major vessels clamped. The heart was arrested and rapidly excised and the chest cavity was ®lled with iced physiological solution. The oesophagus was dissected free of adjacent tissue from the superior thoracic apertura to the stomach, then cut at the proximal and distal ends. The oesophagus retracted due to the release of longitudinal stress and it was immediately placed in a cold (4°C) 6% dextran±calcium-free Krebs solution with 0.25% EGTA in order to relax the muscles. The solution also contained 6% dextran and was aerated with a gas mixture of 95% O 2 ±5% CO 2 at pH 7.4. The oesophagi were used for zero-stress state experiments, and ultimately prepared for histological and morphological analyses.
Zero-stress state experiments
After careful removal of all extra-oesophageal tissue, the zero-stress state of the oesophagus was obtained by the same method as used for blood vessels. 37,38 Three 1-mm-wide rings were cut from the mid-part of the oesophagus and immersed in small organ baths containing the aerated Krebs solution. The choice of this ring width was based on pilot studies. The rings were photographed in the no-load state using a CCD camera and a framegrabber and digital images were made, then the rings were cut radially to establish the zero-stress state (Fig. 1) . A 30-min period was allowed for equilibration and the specimens were photographed in the zero-stress state.
Histology
The specimens were prepared for histological examinations using light microscopy. The specimens were ®xed in Bouin's¯uid (71% saturated picric acid, 24% concentrated formaldehyde solution and 5% glacial acetic acid), embedded in paraf®n, cut into 10-lm sections and stained with haematoxylin±eosin. The sections were photographed using a Zeiss stereomicroscope and a Sony CCD camera and digitized images were made.
Data analysis
The morphometric data were obtained from highresolution TIFF images using Optimas software (version 5.2; Media Cybernetics, Del Mar, CA, USA). The length of the circumferences at the mucosal and serosal edges and at the edge between the submucosa and muscle layers, and the layer and wall thicknesses and areas were measured at no-load and zero-stress state conditions. The opening angle was de®ned as the angle subtended by two radii drawn from the midpoint of the inner wall to the tips of the two ends on the zerostress state images. Residual strain in circumferential direction was de®ned in the sense of Cauchy strain as
where l is length and subscripts n and z denote no-load and zero-stress states, respectively. Residual strain was computed at the mucosal and serosal surfaces and at the interface between the mucosa-submucosa and muscle layers. A residual strain gradient was computed for each of the two layers by dividing the difference in residual strain between the edges of a layer by the layer thickness.
The data were representative of a normal distribution and accordingly the results are expressed as means Figure 1 Schematic drawing of no-load and zero-stress states of the oesophagus. Circumference, edge length, and axial length are denoted by C, E, and L, respectively. Subscripts m, i, and s denote mucosa, interface between mucosa-submucosal and muscle layers, and serosa, respectively. Subscripts n and z denote no-load and zero-stress states, respectively. Residual strain was computed from the circumferences and edge length according to Cauchy. The opening angle was de®ned as the angle subtended by two radii drawn from the midpoint of the inner wall to the tips of the two ends at the zero-stress state (not shown).
Ó 2001 Blackwell Science Ltd SE. No axial variation was demonstrated between the three rings obtained from each oesophagus for any of the parameters tested. Hence, the data were averaged in order to gain some accuracy. Student's t-test and analysis of variance was used to detect possible differences between oim and wild types. Correlation analysis was used to detect association between the morphometric and biomechanical data. The results were regarded as signi®cant if P < 0.05.
RESULTS
The oim genotype was found in all oim mice (determined using a polymerase chain reaction method). The weight of the oim (20.4 0.7 g) and wild-type mice (29.0 2.9 g) differed at the time of termination (P < 0.01). In the no-load state, several large buckles were seen at the inner wall, indicating that the inner wall of the oesophagus was compressed. Upon reducing the no-load state to the zero-stress state by cutting the ring, the opened ring expanded itself into an open sector. The buckling of the inner layer was still observed, although to a lesser degree.
The morphometric data, namely circumferential lengths, thickness and area of the whole wall and the mucosa-submucosal and muscle layer areas in the no-load and zero-stress states, the muscle-thickness to wall-thickness ratio and the wall-thickness to innerhydraulic-radius ratio are shown in Fig. 2 together with the result of statistical testing. In both oim and wild-type mice, the serosal circumference was smaller and the mucosal circumference higher in zero-stress state than in the no-load state (P < 0.05 for all comparisons). Furthermore, no differences in thicknesses and areas were found between the no-load and zerostress states, indicating that the specimens did not change axial length upon reducing the no-load state to a zero-stress state. The mucosa circumferential length in the no-load state was the same in oim mice and wild types, in contrast to all the other dimensions, which were invariably larger in the wild types. The muscle-thickness to wall-thickness ratio was signi®cantly higher and the wall-thickness to innerhydraulic-radius ratio was lower in oim mice than in wild types.
The biomechanical data are shown in Fig. 3 . The opening angle of the oim oesophagus was 120.2 4.5°w hile the normal mice oesophagus showed an opening angle of 93.0 11.2°. The difference in opening angle was statistically signi®cant (P < 0.05). This suggests that decreased collagen content in the oesophagus of oim mice may be associated with increased residual stress. The residual strain was compressive at the mucosal surface and tensile at the serosal surface in both oim mice and wild-type mice. In the oim mice, the residual strains at the serosal and mucosal surfaces and at the interface between mucosa-submucosa and muscle layers were higher than in the wild types (P < 0.05). This suggests that the neutral axis is displaced in the mucosal direction in oim mice. This is perhaps best seen in Fig. 3 (lower graph) , where it also appears that the curves are parallel and nonlinear. Here it is assumed that the strain distribution throughout the thickness of the individual layers is linear, in accordance with the well-known shell theory. 37 Only the points at the inner and outer surfaces and the Figure 2 Illustration of gross morphometric data. Upper graphs show the circumferential lengths and the thickness and area of the whole wall and the mucosa-submucosal and muscle layer areas at the no-load and zero-stress states. Lower graph shows the muscle-thickness to wall-thickness ratio and the wall-thickness to inner hydraulic-radius ratio. Values are means SE. *The difference between no-load and zero-stress states for either oim or wild-type mice; #the difference between oim and wild-type mice for either no-load or zerostress states.
border between the layers are based directly on measurements.
The residual strain gradient (per unit thickness) was 1.29 0.09 and 3.63 0.26 mm ±1 for the muscle and mucosa-submucosal layers, respectively, in oim mice. In the wild types, the ®gures were 1.19 0.17 and 2.63 0.39 mm ±1 for the muscle and mucosa-submucosal layers. The residual strain gradient was signi®-cantly higher in the mucosa-submucosal layer than in the muscle layer in both oim and wild types (P < 0.01). Furthermore, the gradient in the submucosa was larger in oim mice than in wild types (P < 0.05).
Most correlations between the biomechanical and morphometric data were weak. The highest determination coef®cient was obtained for the inverse relation between the serosal residual strain and wall thickness (r 2 0.55). The variation in biomechanical measures did not depend signi®cantly on body weight (r 2 < 0.21).
The histological data allowed a more detailed analysis of the thickness alterations in the individual layers (Fig. 4) . All four layers were thinner in oim mice compared with wild types (P < 0.001); the layer thickness ratios between oim and wild types were 0.64, 0.71, 0.80 and 0.84 for submucosa, mucosa, circular muscle, and longitudinal muscle, respectively.
DISCUSSION
The zero-stress state is a convenient state for demonstrating morphological properties because the mechanical changes due to external loading are not seen in the zero-stress state. Thus, a change in zerostress state indicates that nonuniform remodelling has taken place. Residual stresses in tissues seem to be caused by nonuniform growth and remodelling due to incompatibility of the growth strain ®eld. The zerostress state has been studied extensively in the cardiovascular system. Recently, residual strains were also demonstrated in the guinea-pig oesophagus. 31 A major difference between the structures of the oesophagus and blood vessels is the ease with which the layers in the oesophagus can be distinguished, making the oesophagus useful as a model for soft tissue remodelling. However, determination of the zero-stress state, together with morphometric data in the normal and diseased oesophagus, is just the ®rst step. The next step is to determine the constitutive equations, i.e. the Figure 3 Illustration of biomechanical data. The opening angle is illustrated in the upper graphs, which show the residual strains (different representation of the same data). In the lower graph, the X-axis denotes the nondimensional location in the wall, with 0 representing the mucosal surface and 1 representing the serosal surface. Only the points at the mucosal and serosal surfaces and at the interface between the layers are directly based on measurements. #The difference between oim mice and wild types. Figure 4 Layer thicknesses in wild-type (black) and oim mice obtained from the histological sections. The data were measured at locations without buckles in the mucosa and submucosa. However, the same pattern was seen at locations with buckles. The largest relative difference between oim mice and wild types was seen in the submucosa. #The statistical difference between wild-type and oim mice.
stress±strain history relations of the connective tissues, and the length±tension±contractile velocity nerve-stimulated relationship of the smooth muscles. This step is being pursued for other soft tissues in a number of laboratories, including our own. Many mathematicians are developing constitutive equations that refer to the no-load condition with residual stress and strain. This approach has led to many complications and little success so far. We believe, however, that if the zero-stress state is used as the reference point for stresses and strains, then the constitutive equations will be quite simple, and will have the wellknown conventional form. While active contraction of muscles is the most important feature of the peristaltic movement of the intestine, the resting properties of the tissues are also signi®cant. A.V. Hill's three-element model of muscle is still widely used. 39 The parallel element describes the passive properties of the tissue, which are thought to be dominated by the connective tissue matrix, especially ®brillar collagen. This model has been applied extensively to the mechanics of the heart, lungs and blood vessels. The present work, therefore, deals with the parallel elements exclusively. Applying the model to the physiology of the gastrointestinal tract, we consider the mucosa, submucosa and the quiescent muscles as`parallel elements,' whereas the contractile and series elastic elements belong to the active muscles. Hill's model therefore suggests that passive stresses combine additively with active stresses, thus, during peristalsis, the parallel element components of the tissue may support a signi®cant portion of the total stress in the intestinal wall. Hill's model also demonstrates that passive structures affect active muscle performance, as smooth muscle contraction is length-dependent. 39 The collagen content affects passive wall stress and thus the muscle length and the active contractile force development. The effects of the zero-stress state on physiology may not be obvious until the full Hill's model is analysed. The oim model is important in this regard because it remodels the passive element, i.e. the collagen. Collagen appears to mediate residual stresses, whether directly or indirectly, and affects stresses under physiological loads. In this study, the oim model of moderate human osteogenesis imperfecta was used to examine the effects of type I collagen de®ciency on the stress-free state of the oesophagus. The homozygous oim mouse effectively produces only pro-a1(I) chains, which have been shown to form a1(I)±a1(I)±a1(I) homotrimers in some patients with OI and in the oim animal model. 34 The oim mouse exhibits many symptoms similar to human OI, namely defective skeletal development, smaller stature and skeletal fragility. Recently, several mouse models of OI have been used to investigate the effects of collagen de®ciency on structure and mechanics in bone and tendon. In a study of tissue structure±function relationships in the oim model, the tail tendon had $60% less collagen and $50% lower tensile stiffness than in wild types. 35 In bones, the geometry and torsional mechanical properties were altered in oim mice. 40 Recent experiments have explored the effects of OI-type mutations in several other strains of mice. In the Mov-13 model of severe OI, a $50% reduction in collagen content coincides with a $25% decrease in bone stiffness. 41 Periera et al. 42 report in another OI-type mouse model a $30% decrease in collagen size and content with a $30% increase in elastic stiffness. Thus, the combined data suggest a general decrease in collagen size and content due to OI-type mutations. However, there is no consensus for the measures of elastic stiffness reported. The role of the collagen matrix in oesophageal mechanics is important because oesophageal disease can lead to alterations in both collagen structure and oesophageal mechanics. The combined results from mechanical and structural studies using these mutant mice can be used to formulate a more precise model of the role of type I collagen ®bres in oesophageal mechanics. We used an age-rather than a weightmatched design in this study. We believe that the difference in weight between the groups does not have signi®cant impact on the results because the oesophagus wall-thickness to bodyweight ratio was not signi®cantly different between the groups (comparing weight data from the Results section with the thickness data from Fig. 2 ). Furthermore, some measures are without units (such as residual strains) or calculated as ratios.
The most signi®cant morphological and biomechanical alteration was found in the submucosa of oim mice. As a general rule, the oesophageal wall will remodel itself in such a way as to maintain optimum circumferential stresses. Previously, we demonstrated the physiological signi®cance of residual stress in the oesophagus, i.e. reducing the circumferential stress at the inner wall and providing a more uniform strain distribution throughout the wall during luminal loading. 31 The higher residual strain in submucosa of oim mice suggests that submucosal stresses would be higher relative to stresses in the muscle layers during luminal loading if residual strains did not exist. Thus, the higher opening angle is needed to maintain a uniform stress distribution. The larger residual strain in oim may serve to cause strain gradients associated with higher strains during loading, if the oim tissue is softer.
In our ®eld, a practical mechanical question is: can we regard the wall of an oesophagus as a homogeneous isotropic tissue? The mere fact that the oesophagus is layered and exhibits residual strain indicates heterogeneity and anisotropic behaviour, since an isotropic body can support no residual stress. In this study, we found similarity of the inner circumferences in the no-load states, in contrast to all the other dimensions, which were invariably larger in the normals, suggesting anisotropic remodelling. It appears that even though the opening angles were larger in the oim mice, the residual strain at the lumen was much less. This suggests that there may have been redistribution of residual stress between the layers of the wall. This could result from a relative change in material properties between the layers. However, for the tensile residual stresses in the muscle layers to be in equilibrium with the compressive residual stresses in the submucosal layer (required, because external forces are zero), this would suggest that submucosa stiffness relative to muscle stiffness must be increased in oim. This seems unlikely given that collagen is a more predominant component of the submucosal tissue. Thus, if relative stiffness changed it is more likely to have decreased in the submucosa. An alternative explanation could be obtained if we allow the possibility that after the cut, some residual stress remains in one or both layers. Indeed, experiments in guinea-pig oesophagus have shown that opening angles are greater for submucosa than for the muscle layer. 31 Fung and others have suggested that muscle growth may be the main determinant of alterations in residual stress and strain. 37 Although muscle and submucosal thicknesses were signi®cantly lower in oim than wild type, muscle-thickness to wall-thickness ratio was slightly higher. A relative thickening of the muscle layer would produce a greater residual tensile stress on the outside of the oesophagus, 43 thus increasing the opening angle and shifting all residual strain upwards. Hence, the shift in neutral axis may re¯ect the effects of muscle remodelling. Theoretically, the greater tensile stress on the outside of the oesophagus could be explained if the circular muscle layer was not fully relaxed. However, we made every effort to avoid the effect of both extracellular and intracellular calcium stores by using calcium-free solution with EGTA (a calcium-chelating agent). In previous studies on various parts of the GI tract we did not observe contractile activity with the above solution. 30±32 Furthermore, our previous study on the zero-stress state of the individual layers of the oesophagus speaks against an effect by active muscle properties. 31 How the remodelling of the passive muscle properties relates to the collagen de®ciency is as yet unclear. Unfortunately, we were not able to separate the layers of the mouse oesophagus as we did before in the guinea-pig oesophagus. 31 Studies using digestion of structural tissue components have been carried out in the cardiovascular system. 26 Similar studies and layer separation may possibly shed more light on these issues.
